ABSTRACT This phase I study assessed the intrapulmonary pharmacokinetic profiles of relebactam (MK-7655), a novel ␤-lactamase inhibitor, and imipenem. Sixteen healthy subjects received 250 mg relebactam with 500 mg imipenem-cilastatin, given intravenously every 6 h for 5 doses, and were randomized to bronchoscopy/ bronchoalveolar lavage at 0.5, 1, 1.5, or 3 h after the last dose (4 subjects per time point). Both drugs penetrated the epithelial lining fluid (ELF) to a similar degree, with the profiles being similar in shape to the corresponding plasma profiles and with the apparent terminal half-lives in plasma and ELF being 1.2 and 1.3 h, respectively, for relebactam and 1.0 h in both compartments for imipenem. The exposure (area under the concentration-time curve from time zero to infinity) in ELF relative to that in plasma was 54% for relebactam and 55% for imipenem, after adjusting for protein binding. ELF penetration for relebactam was further analyzed by fitting the data to a two-compartment pharmacokinetic model to capture its behavior in plasma, with a partitioning coefficient capturing its behavior in the lung compartment. In this model, the time-invariant partition coefficient for relebactam was found to be 55%, based on free drug levels. These results support the clinical evaluation of relebactam with imipenem-cilastatin for the treatment of bacterial pneumonia.
R
elebactam is a dual class A and class C ␤-lactamase inhibitor that can restore the in vitro activity of imipenem against many carbapenem-nonsusceptible isolates of Pseudomonas aeruginosa, Klebsiella pneumoniae, and Enterobacter spp. (1) (2) (3) (4) . The pharmacokinetic (PK) parameter best correlated with relebactam efficacy is the area under the concentration-time curve (AUC), with required exposures (AUC from time zero to 24 h [AUC 0 -24 ]) of ϳ100 M · h in a thigh infection model (5) and 150 M · h in a pulmonary infection model (6) . The increased exposures required in the pulmonary infection model are likely partially due to the penetration of relebactam into the murine lung, which is approximately 34%, based on the ratio of total drug levels in the lung to total drug levels in plasma (data on file). Relebactam doses of 125 mg or higher provide exposures (AUC from time zero to infinity [AUC 0 -∞ ]) that exceed the single-dose target of 37.5 M · h, which is derived from the target of 150 M · h after four times daily dosing established in the pulmonary infection model (6) . The pharmacokinetic half-life of relebactam is compatible with four-times-daily dosing with imipenem-cilastatin (7) (8) (9) , and coadministration of relebactam with imipenem-cilastatin has been generally well tolerated in phase 2 clinical studies (10, 11) .
Imipenem is an ideal partner for ␤-lactamase inhibitors in pseudomonads from a resistance perspective. Imipenem is a potent carbapenem antibiotic that is relatively stable to the AmpC class C cephalosporinase of P. aeruginosa, requiring the concomitant loss of the entry porin OprD along with the hyperproduction of AmpC before resistance is achieved (12, 13) . Unlike the ␤-methyl carbapenems, imipenem is not subject to efflux by any of the resistance-nodulation-cell division (RND)-type efflux pumps of Pseudomonas, including MexAB/OprM, MexCD/OprJ, MexEF/OprN, and MexXY/OprM (14, 15) . Therefore, inhibition of the chromosomal enzyme by a ␤-lactamase inhibitor restores susceptibility to many multidrug-resistant isolates of P. aeruginosa, including those with overexpression of efflux pumps, but does not restore susceptibility in isolates where a ␤-lactamase not inhibited by relebactam is present, such as class B metallo-␤-lactamases (16) .
The penetration of antibiotics into tissues and fluids at the specific site of infection is a potentially valuable indicator for predicting a clinical response (17) . For bacterial pneumonia, the distal bronchial lumen and alveolar surface are considered the sites of bacterial invasion (18, 19) . Antibiotic concentrations in epithelial lining fluid (ELF) remain the most critical parameter for activity against extracellular pathogens, including most Gram-negative bacteria. The recovery of ELF by fiberoptic bronchoscopy and bronchoalveolar lavage (BAL) is a safe, well-tolerated procedure that has become widely used and accepted to study pulmonary drug penetration (20) .
In this study, we assessed the pharmacokinetic profiles of relebactam and imipenem in the pulmonary ELF and alveolar cells (AC) obtained from BAL fluid specimens. Relebactam lung penetration was further analyzed by fitting the data to a twocompartment pharmacokinetic model to capture its behavior in the plasma, with a partitioning coefficient capturing its behavior in the lung compartment.
RESULTS
Seventeen subjects (14 males, 3 females; age range, 24 to 42 years) entered the study. Sixteen subjects completed the study; one subject discontinued early due to an adverse event (see below).
Following 5 consecutive doses of relebactam at 250 mg in combination with imipenem-cilastatin at 500 mg given every 6 h, the relebactam levels in ELF and AC were consistently lower than the relebactam levels in plasma (Fig. 1) . The penetration of relebactam into the extracellular space was approximately one-third to one-half of the corresponding level of penetration into plasma, with the geometric mean ratios (GMRs) for ELF/plasma concentrations ranging from 0.32 to 0.51 across time points (Table 1) . The relative exposure (AUC 0 -∞ ) of relebactam in ELF versus plasma was 54% on the basis of the mean profiles (Table 2) , after adjustment for protein binding (relebactam is 80% unbound in plasma; a free fraction of 100% was assumed for ELF). The time to the maximum concentration (T max ) and the terminal half-life values for relebactam in ELF were similar to those in plasma, with T max occurring at 0.5 h in both matrices and terminal half-lives being 1.2 h in plasma and 1.3 h in ELF (Table 2) , indicating a lack of any system hysteresis.
The penetration of relebactam into the intracellular space was lower than that into ELF, with the GMRs for AC/plasma concentrations ranging from 0.14 to 0.51 across time points (Table 1 ) and the relative exposure (AUC 0 -∞ ) in AC versus plasma being 36% on the basis of the mean profiles after adjustment for protein binding. The T max and terminal half-life for relebactam in AC were slightly different from those in plasma, representing slower intracellular penetration and clearance for AC than for plasma, with T max occurring at 1.0 h and the terminal half-life being 2.3 h in AC.
As shown in Fig. 2 , the imipenem levels in ELF were consistently lower than the imipenem levels in plasma. Because the large majority of imipenem AC concentrations were below the limit of quantitation, pharmacokinetic parameters for imipenem in AC are not reported. The penetration of imipenem into the extracellular space was approximately one-third to one-half of the corresponding level of penetration into plasma, with GMRs for ELF/plasma concentrations ranging from 0.32 to 0.55 across time points (Table 1 ) and the relative exposure (AUC 0 -∞ ) in ELF versus plasma being 55% on the basis of the mean profiles (Table 2) , after adjustment for protein binding (imipenem is 80% unbound in plasma; a free fraction of 100% was assumed for the ELF). The T max and terminal half-life for imipenem in ELF were similar to those in plasma, with T max occurring at 0.5 h and the terminal half-life being 1.0 h in both matrices (Table 2) , again indicating a lack of any observable system hysteresis.
Mean relebactam concentration-to-imipenem concentration ratios in plasma and ELF are shown in Fig. 3 . The primary hypothesis that the relebactam concentration in ELF would be Ͼ25% of the imipenem concentration in ELF at the T max of imipenem (0.5 h) was confirmed, as the point estimate of the GMR for the relebactam concentration versus the imipenem concentration in ELF was 47% (90% confidence interval [CI], 45%, 49%) ( Table 3) .
The population PK analysis of relebactam indicated that among the three approaches explored, the ELF data were best fit by a time-invariant partition coefficient driven by the predicted unbound plasma concentration. Model parameters are shown in Table 4 , with the corresponding model diagnostics being presented in Fig. 4 . As shown in Table 4 , the partition coefficient estimated by the model (55%) was consistent a Data are for four subjects at each time point. GMR, geometric mean ratio, which is the ratio of the leastsquares means from the linear mixed-effect model performed on the natural log-transformed values with location, time (4 levels), and the location-by-time interaction as fixed effects and subject as a random effect. CI, confidence interval.
with the estimated penetration obtained using the AUC ratio method described above (54%). The plasma and lung PK of relebactam were sufficiently described by the two-compartment plasma model, with a time-invariant partitioning describing penetration into the lung. The model predicts that the equilibration of relebactam between the plasma and ELF is rapidly established with negligible delay, with substantial penetration into the ELF occurring. Five subjects reported a total of 9 adverse events during the study; all were nonserious. Five events were deemed to be drug related: mild fatigue in one subject, a mild increase in the creatinine concentration in another subject, and mild diarrhea with moderate nausea and vomiting in a third subject. The subject with nausea, vomiting, and diarrhea was discontinued from the study during administration of the second dose of study drug. All adverse events resolved, and most events (7 of 9) lasted less than 12 h. 
DISCUSSION
In this study, the penetration of both relebactam and imipenem into the pulmonary extracellular space was similar, with relative exposures in ELF versus plasma being 54% for relebactam and 55% for imipenem, after adjustment for protein binding, on the basis of the ratio of the AUC values between the respective compartments. These values were confirmed using population PK approaches, where penetration into the ELF was similarly projected to be 55% for both relebactam and imipenem (21) . The T max for both compounds was 0.5 h in both matrices, and the terminal half-lives were also similar (1.2 h in plasma and 1.3 h in ELF for relebactam, 1.0 h in both matrices for imipenem), indicating the rapid establishment of equilibrium for both relebactam and imipenem between plasma and ELF and a lack of any significant delay or system hysteresis. These observations also lend support to the sampling scheme chosen for this study and the decision not to collect additional data at later time points at the end of the dosing interval, as the parallel elimination phases in plasma and ELF observed for both imipenem and relebactam indicated a robust characterization of the clearance in both compartments. The plasma PK parameters observed in this study for both relebactam and imipenem were consistent with those previously reported in healthy subjects (7, 8) .
Penetration of relebactam into the intracellular space resulted in the relative exposure of relebactam in AC versus plasma of 36%, after adjustment for protein binding, and relebactam was cleared more slowly from AC than from plasma (half-lives, 2.3 versus 1.2 h). Imipenem levels in AC were undetectable in the majority of patients, consistent with the general observation that ␤-lactams do not penetrate into intracel- lular compartments as well as macrolides and fluoroquinolones (18) . This finding is not clinically meaningful, since the efficacy of imipenem-cilastatin for the treatment of pneumonia has been well established in several large, multicenter clinical trials (22) .
Although imipenem penetration into the respiratory tract has not been studied previously, extensive clinical experience in the treatment of pneumonia suggests that the exposures achieved in ELF are sufficient for clinical efficacy, even if they are lower than those observed in plasma. As detailed above, results from preclinical in vivo infection models indicate that the PK parameter best correlated with relebactam efficacy is the AUC, with exposures (AUC 0 -24 ) of ϳ100 M · h being required in the thigh infection model and exposures of 150 M · h being required in the pulmonary infection model. The increased exposures required in the pulmonary infection model are likely partially due to the penetration of relebactam into the murine lung, which is approximately 34% on the basis of the ratio of total drug levels in the plasma versus total drug levels in the lung (data on file). Because the ELF/plasma concentration ratio for relebactam is slightly lower in mice than in humans, plasma concentrations represent a good surrogate for lung exposure. Thus, the plasma PK target from the mouse lung infection model allows a direct assessment of the appropriateness of dosing for lung infections, using the corresponding human plasma PK data. The plasma PK derived from phase 2 studies in patients have been previously analyzed and reported, indicating robust target attainment at the relebactam dose of 250 mg four times daily (10) .
Prior studies of the intrapulmonary penetration of carbapenem-class ␤-lactam antibiotics are limited and have not included imipenem. Other carbapenems have shown penetration ratios that bracket the ELF/plasma concentration ratios observed for imipenem in this study. For example, the ELF/plasma concentration ratio for meropenem ranged from 0.32 to 0.53 after multiple-dose administration (1 g every 8 h for 4 doses) in healthy adults (23) and was estimated to be 30% on the basis of population modeling in patients with ventilator-associated pneumonia (24) . For ertapenem, ratios of ELF concentrations to total plasma concentrations ranged from 0.21 to 0.64 (median, 0.32) in a multiple-dose study of adult patients with ventilator-associated pneumonia (25) .
Prior studies of the intrapulmonary penetration of ␤-lactam-␤-lactamase inhibitor combination therapies are also limited. For orally administered amoxicillin-clavulanate, concentrations of both drugs in ELF were less than 20% of those observed in plasma (26) . In critically ill patients receiving multiple doses of piperacillin-tazobactam, mean concentrations in ELF were approximately 57% and 91% of the total concentrations in plasma for piperacillin and tazobactam, respectively (27) . In healthy adults, ceftazidimeavibactam displayed similar plasma and ELF curves, with ELF/plasma AUC ratios being 31% to 32% for ceftazidime and 32% to 35% for avibactam (28) . Ceftolozanetazobactam has also demonstrated similar ELF and plasma curves, with ELF/plasma AUC ratios being 48% for ceftolozane and 44% for tazobactam in healthy adults (29) . In a recent study of meropenem-RPX7009 in healthy adults, mean penetration ratios based on AUC were 63% for meropenem and 53% for RPX7009 (30) . The accuracy of antibiotic measurements in ELF and AC can be influenced by several methodological issues. In particular, the prolonged dwelling time of fluid during BAL (Ͼ1 min) can cause additional urea to diffuse into ELF and overestimate the ELF volume. Contamination of BAL fluid with blood can also lead to overestimation of the ELF volume and inaccurate drug concentration estimates. Since antibiotic concentrations may differ in fluids and cells, prompt separation of cells from fluid is necessary to avoid the lysis of cells, which may change the concentrations in fluid. To minimize the effects of these factors, this study was conducted by experienced personnel using established bronchoscopy and BAL procedures and included detailed procedures for the collection, handling, and storage of BAL fluid samples, with careful and prompt separation of ELF and AC. In addition, the concentrations at several time points spanning the dosing interval were studied, providing enough data to generate a pulmonary PK profile and to support a PK/pharmacodynamic hypothesis. The primary limitation of this study (as opposed to the general limitations of ELF studies) is that it was conducted in healthy volunteers, and there is limited information available regarding the correlation of pulmonary drug penetration in healthy volunteers to that in critically ill patients. Though they are limited, current data indicate that the lung penetration ratios observed in healthy volunteers appears to be directionally and often quantitatively similar to the penetration ratios observed in patients (31) . Furthermore, the conduct of such a study in healthy subjects is common practice (32), due to feasibility considerations as well as the semiquantitative interpretability of study results (21) . Further, while we observed parallel elimination slopes between the observed plasma and ELF data over the range of observed data, additional sampling through the full dosing interval of 6 h would provide an even more complete picture of the dynamic lung penetration of relebactam. In summary, this study in healthy subjects demonstrates that relebactam and imipenem achieve similar relative exposures in pulmonary ELF and plasma and that the relebactam and imipenem clearances seen in pulmonary ELF mirror those seen in plasma. Imipenem was not detected in AC, providing further confirmation that the activity of imipenem in the pulmonary extracellular compartment (ELF) may be most relevant to its efficacy in treating pneumonia. These data suggest that a dose adjustment for either relebactam or imipenem is likely not necessary for the effective treatment of bacterial pneumonia. Relebactam is sufficiently well tolerated to continue with further clinical investigation, and these results further support the investigation of relebactam used in combination with imipenem-cilastatin in a phase 3 trial for the treatment of bacterial pneumonia (ClinicalTrials.gov registration no. NCT02493764).
MATERIALS AND METHODS
This open-label, randomized, parallel-group study (MK-7655 protocol 007) was conducted from 24 April 2012 through 25 June 2012 at a single site (Pulmonary Associates, Phoenix, AZ) and was in conformance with principles of good clinical practice, as well as all applicable statutes or regulations regarding the protection of the rights and welfare of human subjects participating in biomedical research. The protocol was approved by the Quorum Review Institutional Review Board, and all subjects gave written informed consent before any study procedures were performed. The primary objective was to determine the relationship between the intrapulmonary pharmacokinetics of relebactam and those of imipenem after four-times-daily intravenous administration of relebactam with imipenem-cilastatin in healthy subjects. The primary study hypothesis was that the relebactam concentration in ELF would be Ͼ25% of the imipenem concentration in ELF at the T max of imipenem (0.5 h).
Eligible subjects were healthy men and women 18 to 45 years of age with a body mass index of Յ32 kg/m 2 , a creatinine clearance of Ն80 ml/min, no clinically significant disease, and no history of significant multiple or severe allergies, including allergies to ␤-lactam antibiotics and lidocaine or other local anesthetics. The subjects received 5 doses of study drug (relebactam at 250 mg in combination with imipenem-cilastatin at 500 mg) by intravenous infusion over 30 min, with one dose being administered every 6 h, and subsequently underwent bronchoscopy and BAL at either 0.5, 1.0, 1.5, or 3.0 h after the last dose of study drug. Dosing and administration of imipenem-cilastatin were carried out in a manner consistent with the recommended labeled posology.
For each subject, the timing of bronchoscopy/BAL was determined by random assignment to panel A, B, C, or D (4 subjects per panel). An optional fifth panel (panel E) was included to allow the collection of information at a different dose or time point (such as at the end of the dosing interval at 6 h), contingent upon the analysis of the intrapulmonary and plasma PK data from panels A to D. On the basis of the data obtained for panels A to D, it was decided not to conduct an analysis with panel E, as the data from panels A to D were deemed adequate by visual inspection to characterize the intrapulmonary profiles of imipenem and relebactam.
BAL fluid specimens were obtained during bronchoscopy for the determination of the relebactam and imipenem concentrations in the ELF and AC. Four aliquots of normal saline (50 ml each) were sequentially instilled and aspirated after each instillation. The first aspirate was discarded, and the remaining aspirates were pooled and used to obtain urea and drug level measurements. Aliquots were obtained for cell count/differential, and the remainder of the pooled aspirates was centrifuged. The liquid aspirate and cell pellet were separated and stored at Ϫ70°C. The supernatant was sent for urea and drug level measurements. Blood samples were collected prior to the first and fifth doses of study drug for the determination of relebactam and imipenem plasma concentrations. Blood samples were also collected during the bronchoscopy/BAL procedure for the determination of relebactam, imipenem, and urea concentrations.
The safety and tolerability of relebactam were monitored by clinical assessment of adverse events, measurement of vital signs, and performance of a physical examination, 12-lead electrocardiogram (ECG), and standard laboratory safety tests (hematology, chemistry, and urinalysis). Renal function (established by determination of serum/urine creatinine, serum urea, urine protein, and urine albumin concentrations) and hepatic function (established by determination of serum bilirubin, alanine aminotransferase, and aspartate aminotransferase concentrations) were carefully monitored during the study. The safety of bronchoscopy and BAL was monitored by clinical assessment, including continuous cardiac monitoring and repeated measurements of vital signs, according to the standard operating procedures at the study site.
Analytical and pharmacokinetic methods. Relebactam and imipenem levels in plasma, pulmonary ELF, and AC were measured simultaneously via acetonitrile protein precipitation and hydrophilic interaction liquid chromatography (HILIC) with detection via liquid chromatography-tandem mass spectrometry (LC-MS/MS). The system consisted of a Waters Acquity ultraperformance liquid chromatograph (Waters Corp., Milford, MA) and an API 4000 or 5000 triple-quadrupole tandem mass spectrometer (Sciex, Framingham, MA) equipped with a turbo-ion spray interface and operated in the positive ionization mode. The multiple reaction monitoring (MRM) transitions monitored were m/z 349 ¡ 269 for relebactam, m/z 300 ¡ 98 for imipenem, and m/z 354 ¡ 274 and m/z 307 ¡ 98 for their respective internal standards. The chromatographic separation of the analytes was achieved using a Waters Atlantis HILIC (50 by 2.1 mm by 3 m) column kept at 35°C and a mobile phase consisting of 5 mM ammonium acetate (pH 4.5) in 80:20 acetonitrile-water. For the plasma assay, the flow rates and run times were 0.45 ml/min and 3.0 min, respectively; for the ELF and AC assays, the flow rate and run time were 0.4 ml/min and 4.0 min, respectively.
The ELF volumes recovered by BAL were determined by using urea as an endogenous marker to provide a dilution ratio by measurement of urea concentrations in the BAL fluid and serum (33) . The concentrations in AC were determined by estimation of the intracellular volume of macrophages (i.e., 2.42 ml per 10 6 cells), on the basis of the cell count/differential. The mean value for each time point was used to conduct the noncompartmental analysis using Phoenix (version 6.3) software (Pharsight Corporation, Mountain View, CA) and to calculate the values of the PK parameters on the basis of the mean profile in each matrix.
Population PK analysis was conducted using NONMEM (version 7.3) software (ICON plc., Dublin, Ireland). The first-order conditional estimation with interaction (FOCEI) method was applied for parameter estimation. A previous population PK analysis showed that the plasma concentration-time profile of relebactam can be sufficiently described by a two-compartment model with linear PK (10). To elucidate the relationship between plasma and ELF concentrations, penetration into the ELF was explored using three approaches, each using a naive pooled data approach: (i) a three-compartment model with bidirectional mass transfer between the ELF compartment and the central volume, (ii) a time-invariant partition coefficient driven by the predicted unbound plasma concentration, and (iii) an effect compartment with an input rate constant driven by the concentration difference between the volume in the central compartment and the effect compartment.
The equations comprising the partition coefficient model are as follows:
where A 1 is the amount of drug in the central compartment, A 2 is the amount of drug in the peripheral compartment, CL is the plasma clearance, Q 2 is the intercompartmental clearance, V 1 is the volume of distribution in the central compartment, V 2 is the volume of distribution in the peripheral compartment, C ELF is the relebactam concentration in the ELF, f u,ELF is the free fraction of relebactam in plasma (ϳ80%), k ELF is the partition coefficient for distribution into the ELF space, and t is time.
The free fraction in the ELF was assumed to be 100%. Different residual error models (additive, proportional, and combined) were tested for both the plasma and ELF concentrations of relebactam. Model development, including the selection of the structural and residual error model, was based upon the success of minimization, numerical comparison of the objective function values, the precision of the parameter estimates, and the generation of standard model diagnostic plots. The PK of imipenem were not modeled, as the lung penetration data from this study were previously described using a population PK approach (21) .
Statistical analysis. All data were analyzed according to the treatment actually received. Safety and tolerability were assessed in the all-subjects-as-treated (AST) population, defined as all subjects who received at least one dose of study drug. Pharmacokinetic parameters were analyzed in the per-protocol (PP) population, defined as subjects who complied sufficiently with the protocol to ensure that the data would likely exhibit the effects of treatment, according to the underlying scientific model.
The concentrations of relebactam and imipenem in pulmonary ELF were log transformed and analyzed using a linear mixed-effects model containing compound (relebactam and imipenem), time (30 min, 1 h, 1.5 h, and 3 h after the last dose), and the compound-by-time interaction as fixed effects and subject as a random effect. Point estimates and 90% confidence intervals (CI) were calculated for the geometric mean ratio (GMR) of the concentration (relebactam concentration/imipenem concentration) at the time to the maximum concentration (T max ) of imipenem on the basis of the mean concentration-time profile. The log-trapezoidal rule was used to compute the AUC 0 -3 of relebactam and imipenem in the ELF, AC, and plasma for the mean concentration-time profile.
